The dynamics of photosystem I assembly in cyanobacteria have been addressed using in vivo pulse-chase labeling of Synechocystis sp. PCC 6803 proteins in combination with blue native polyacrylamide gel electrophoresis. The analyses indicate the existence of three different monomeric photosystem I complexes and also the high stability of photosystem I trimers. We show that in addition to a complete photosystem I monomer, containing all 11 subunits, we detected a PsaK-less monomer and a shortlived PsaL/PsaK-less complex. The latter two monomers were missing in the ycf37 mutant of Synechocystis sp. PCC 6803 that accumulates also less trimers. Pulse-chase experiments suggest that the three monomeric complexes have different functions in the biogenesis of the trimer. Based on these findings we propose a model where PsaK is incorporated in the latest step of photosystem I assembly. The PsaK-less photosystem I monomer may represent an intermediate complex that is important for the exchange of the two PsaK variants during high-light acclimation. Implications of the presented data with respect to Ycf37 function are discussed.
INTRODUCTION Photosystem I (PSI)
1 is a multi-subunit pigment-protein complex of oxygenic photosynthesis located in the thylakoid membrane of chloroplasts and cyanobacteria. Its main function is the light-dependent electron transfer from plastocyanin or cytochrome c 6 on the lumenal side to ferredoxin on the cytoplasmic or (in chloroplasts) on the stromal side of photosynthetic membranes. The crystal structures for cyanobacterial and plant PSI at 2.5 Å (1) and 4.4 Å (2) resolution have improved the understanding of the function of this complex. The PSI subunits are designated PsaA-P, according to the corresponding psaA-P genes (3) (4) (5) (6) . Their primary structures are well conserved among eukaryotes and prokaryotes performing oxygenic photosynthesis with the exception of five subunits not present in cyanobacteria (PsaG, PsaH, PsaN, PsaO and PsaP) and one subunit PsaM, which has not been detected in plant PSI preparations. A heterodimer of two integral membrane proteins PsaA and PsaB, forms the core of the PSI reaction center, which binds the electron transfer components P700, A 0 , A 1 and F X . The terminal electron acceptors of PSI, the [4Fe-4S] centers F A and F B are bound to PsaC. PsaD and PsaE form, together with PsaC, peripheral ridges on the cytoplasmic and the stromal side respectively, that provides a ferredoxin-docking site (7, 8) . PsaD is also required for the stable integration of PsaC, PsaL and PsaE into the PSI complex (9) . PsaE is a structural component involved in ferredoxin reduction and cyclic electron flow around PSI. PsaF is exposed to the lumenal side of the thylakoids. It functions as a plastocyanin, or in cyanobacteria cytochrome c 6 , docking site of PSI and is required for efficient electron transfer from these proteins to P700 + . (10, 11) . PsaL is a subunit that forms most of the contacts between the monomers to form a trimer in cyanobacteria (12, 13) . In contrast to cyanobacteria, trimeric PSI complexes have never been found in plants. Plant PsaL seems to be required for stable binding of PsaH and PsaO (3) . PsaI plays a role in the structural organization of the PsaL subunit of PSI. PsaJ interacts with PsaF and seems to be important for stabilizing PsaF (3) . Primary sequences of PsaK from higher plants and cyanobacteria do not show a high degree of similarity. PsaK in plants seems to be involved in the binding of LHCI and in mediating state transitions (14) (15) (16) , whereas in Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) it was shown that one of the two existing PsaK-variants functions in high-light acclimation (17) .
The biosynthesis of the plant PSI complex depends on the coordinated expression of nuclear and plastid genes, the targeting of the subunits to their proper location within the chloroplast, the incorporation of the pigments and redox cofactors, and the correct assembly of the subunits to form a functionally active complex (18, 19) . Additional gene products have been identified by mutational analyses that may act as regulatory or scaffold proteins in the assembly of PSI. The conserved chloroplast open reading frames Ycf3, Ycf4 and Ycf37 along with specific cyanobacterial proteins like BtpA and RubA appear to be involved in posttranslational steps of PSI assembly. Ycf3 was shown to interact with PsaA and PsaD (20) , whereas Ycf4 is associated with a highmolecular mass complex containing several PSI subunits (19) . Ycf3 as well as ycf4 mutants from Chlamydomonas lack PSI complexes (21) . A ycf4 mutant from Synechocystis 6803 still has functional PSI complexes but in lower amounts (22) . A cyanobacterial ycf37 mutant lacks a specific PsaK-less PSI monomeric complex and contains only 70% trimeric PSI-complexes when compared to wild-type thylakoids (23) . On the other hand mutation of the plant ycf37-homolog pyg7 leads to a complete loss of functional PSI in Arabidopsis thaliana (24) .
In cyanobacteria the cores of photosynthetic reaction centers are thought to be first assembled in the plasma membrane, before they are translocated to the thylakoid membrane. Several assembly factors and photosystem subunits were found to be present in the plasma membrane (25, 26) . In the case of PSI a heterodimer of PsaA and PsaB most likely forms the folding center of PSI and provides the scaffold for other protein subunits to assemble. However, the detailed mechanism of biogenesis of the photosynthetic apparatus and the molecular function of the various assembly factors remains poorly understood.
The cyanobacterium Synechocystis 6803 is an excellent model system to study PSI assembly. Cyanobacterial mutants often still accumulate impaired PSI complexes, whereas similar mutations in eukaryotic algae and plants lead to a complete loss of the complex. . Aliquots were taken after 1h, 4h, 8h, and 22h and rapidly frozen in liquid nitrogen. Thylakoids were prepared as described (23) .
BN-PAGE and Immunoblot
Analysis -Thylakoid membranes (about 300 µg protein) were sedimented by centrifugation (20 min, 15000 g, 4°C) and resuspended in 50 µl of ACA buffer (50 mM Bis-Tris/HCl pH 7.0, 750 mM ε-aminon-caproic acid, 0.5 mM EDTA). Membrane proteins were solubilized by the addition of 7 µl freshly prepared 10% (w/v) n-dodecyl-β-Dmaltoside (β-DM) solution and incubation for 5 min on ice. After centrifugation (15000g, 30 min), the supernatants were supplemented with 10 µl of a Coomassie Blue solution (5% (w/v) Serva Brilliant Blue G250, 750 mM ε-amino-n-caproic acid) and loaded onto a 7% BN-gel. One-dimensional (1D) BN-PAGE and BN/Tricine-urea-SDS-PAGE were carried out as described (29). If needed, bands of interest were excised from a 1D BN-gel, placed on top of a resolving gel for SDS-PAGE, embedded in stacking gel and subsequently separated by electrophoresis.
Proteins were electrophoretically transferred onto nitrocellulose membranes and immunodecorated with antibodies against PsaC (AgriSera, Vännäs, Sweden), PsaD, PsaE, PsaF and PsaL.
RESULTS

Monitoring of PSI assembly intermediates
BN-PAGE is a powerful tool to investigate membrane-bound protein complexes (29, 30) . This technique separates protein complexes by their size without dissociating them into their individual polypeptides. The integration and assembly of different subunits of PSII could thus be followed by pulse-chase radiolabeling of cells in combination with twodimensional (2D)-BN/SDS-PAGE (31-33). Here we used a similar method to analyze PSI assembly. Since PSI subunits do not accumulate as much label as subunits of PSII reaction centers, Synechocystis 6803 cells were incubated with [ 35 S]Met under low-light conditions to achieve higher labeling level of PSI proteins. As these are limiting growth conditions for the cells we supplemented the media with glucose to enhance growth rate. Photoheterotrophic growth conditions led to a faster protein synthesis and therefore to an optimized incorporation of
After the radioactive pulse the turnover of trimeric PSI complexes was enhanced during the chase by illumination with high light in order to detect potential monomeric degradation products. To characterize the previously described PsaK-less monomeric PSI complex PSI* (23), wild-type and ycf37 mutant cells were analyzed. Isolated thylakoid membranes were subjected to BN-PAGE. Seven radiolabeled protein complexes with a different electrophoretic mobility could be detected (Fig. 1) . Two complexes were missing in the ycf37 mutant, suggesting that one of these complexes represents PSI*. The PSI trimer was labeled less intensely in the ycf37 mutant whereas the amount of radioactivity in PSII complexes was comparable in wild-type and mutant thylakoids. The amount of radiolabel in the PSI trimer increased slightly during the chase, while label in the PSII complexes decreased, mainly due to the enhanced damage of PSII complexes and inhibition of the PSIIrepair under high-light conditions (34) . Interestingly, radiolabel accumulated significantly in the PSI monomer during the chase whereas the amount of label in PSI* did not change in wild-type thylakoids (Fig. 1) . These results indicate a higher stability of PSI trimers in comparison to PSII complexes. Furthermore, PSI* and PSI trimers seem to be stable products of PSI assembly. The regular PSI monomer may represent a degradation intermediate and/or a pool of monomeric PSI complexes for recycling of the trimeric complex under high-light conditions.
Besides the well documented PSI complexes (PSI trimer, PSI monomer, PsaKless PSI monomer (PSI*)) an additional radiolabeled complex with a slightly higher electrophoretic mobility than PSI* could be detected in the wild type but not in the ycf37 mutant (Fig. 1) . As we detect this complex which we call PSI** only in the autoradiograms but not after Coomassie staining of the BN-gels and since label in this complex disappears during chase time we conclude that it represents an unstable and/or short-lived assembly intermediate.
The subunit composition of different PSI complexes
We found that the newly detected shortlived assembly intermediate PSI** is missing in the ycf37 mutant and that it migrates slightly faster than the two previously characterized PSI monomers (23) . Thus, PSI** could represent a by guest on July 15, 2017 http://www.jbc.org/ Downloaded from PSI subcomplex lacking specific subunits. In order to detect differences in the subunit composition between the individual monomeric PSI complexes, the lanes of the BN-PAGE were subjected to a second denaturating electrophoresis. The silver-stained 2D-BN/SDS-PAGE gel is shown as a reference indicating the presence and localization of the individual subunits of the major protein complexes (Fig.  2A) . The corresponding autoradiogram in Fig.  2B 35 S]Met and were detected in the PSI trimer and the regular PSI monomer, as is evident from comparison of the silver stained gel with the autoradiogram. Due to their small size it was not possible to exactly assign the polypeptides PsaM, I and J (Fig. 2) . The next PSI subcomplex with decreasing size (PSI*) was identified in silver stained gels as well as in the autoradiograms. This is characterized by the lack of PsaK. In addition, PsaF was poorly labeled in all PSI monomer complexes during pulse time (although PsaF contains one more Met than e.g. PsaL). During chase monomeric as well as trimeric PSI complexes incorporated relatively more [
35 S]Met-labeled PsaF, suggesting that a larger pool of unassembled PsaF is present in the thylakoid membrane. This suggests that PsaF can be independently exchanged between existing PSI complexes and this pool. The smallest detectable assembly intermediate PSI** which is visible only in the pulse samples seems to lack PsaK as well as PsaL. To clarify the presence of other PSI subunits that are poorly detectable in the autoradiogram we performed immunoblot analysis (Fig. 3) using an enriched PSI** fraction. The region of a BN-gel where PSI** migrates corresponding to the autoradiogram was excised and subjected to a second dimension. Immunoblot analysis indicate the presence of PsaF, E, D and C wheras PsaL is clearly missing in the PSI** complex.
Our results suggest a rapid assembly of PSI** into PSI trimers most likely via PSI* as an intermediate. We conclude that PsaL and then PsaK are the last subunits of PSI to be assembled. Synechocystis 6803 contains two different PsaK proteins, of which PsaK1 is dominant under low-light conditions, while PsaK2 is more abundant under high-light conditions (17) . Thus, the incorporation of PsaK1/PsaK2 as final PSI subunit might make sense as a possible acclimation step during recycling of PSI complexes under changing light conditions. In order to verify this hypothesis we analyzed the presence of PSI* in psaK2 mutants under various light intensities. High-light conditions lead to an increase of PSI* as was shown previously (23) . However, in the psaK2 mutant this accumulation is much more pronounced than in the wild type (Fig. 4) , whereas low-light did not induce an increase in the PSI* amount.
Dynamics of PSI complexes at low-and highlight intensities
To follow the assembly/disassembly of PSI complexes under different light conditions we next performed in vivo labeling experiments with [ 35 S]Met using different light conditions in the chase. Thylakoid membranes were isolated, solubilized and thylakoid membrane complexes were analyzed by BN-PAGE (Fig. 5 ). Incubation at low light resulted in very stable photosystems. Accumulated radiolabel in assembled PSII monomers and dimers as well as trimeric PSI complexes remained constant over the whole chase period (Fig. 5A) . In contrast, treating cells with high light led to degradation of photosynthetic complexes, in particular of PSII complexes due to its photoinactivation. However, no distinct accumulation of degradation products of the photosystems was detected during the chase at high light (Fig. 5B) . In comparison to PSII and monomeric PSI complexes, PSI trimers showed the highest stability under high-light conditions, with little decrease detectable up to 8h of chase.
Radiolabel in the regular PSI monomer was weak after the pulse in comparison to the other PSI complexes but increased continuously up to 4 hrs of chase. Possibly, this monomer represents an early intermediate of disintegrating trimers. In contrast to low-light conditions after 4 hrs chase high light induced degradation of PSI and PSI* monomers (Fig.  5B) . Thus, both complexes appear to be in a dynamic equilibrium with the trimers.
DISCUSSION
Though structure and function of the PSI has been elucidated in detail (1, 5, 35) , its assembly, repair and degradation are poorly understood. The functional significance of the recently discovered PSI monomer lacking the PsaK subunit (PSI*) (23) is also poorly established. In the current study the assembly by guest on July 15, 2017 http://www.jbc.org/ Downloaded from and dynamics of PSI complexes have been analyzed in the wild type and the ycf37 mutant of the cyanobacterium Synechocystis 6803 using pulse-chase experiments.
Labeling of cyanobacterial cells was followed by a BN-PAGE analysis to examine the dynamics of assembly and disassembly intermediates of PSI complexes. This approach allowed us to detect three specific monomeric PSI complexes with different labeling (i.e. turnover) kinetics. Surprisingly, we detected only late assembly intermediates. These results may either indicate that the early assembly steps are very fast or that the assembly intermediates may not be stable enough to detect with our method. As shown in our model (Fig. 6 ) the first assembly intermediate detected following the synthesis of individual subunits and formation of the PSI core is a PsaL/PsaK-less PSI monomer (PSI**). The next step is the integration of the PsaL subunit into the complex resulting in the recently discovered PSI* intermediate. Finally, addition of PsaK leads to a complete PSI monomer consisting of all 11 PSI subunits. Hippler et al. (2002) suggested that in Chlamydomonas PsaK is also the last subunit assembled into PSI complexes (36) . Pulse-chase experiments suggest a homeostasis of trimeric and the two "late" monomeric complexes PSI and PSI*. The question remains why PsaK and not PsaL is the last subunit that is incorporated into the complex? PsaL is essential (but not sufficient) for trimerisation of PSI in cyanobacteria. Thus, association of PsaL with a PSI monomer as a final step in the assembly of trimers would agree with this role. However, in plants PSI is a monomeric complex, although it contains PsaL. We suggest that the association of PsaL with PSI subassemblies does not always directly lead to trimerisation but may also depend on the attachment of PsaK.
The cyanobacterium Synechocystis 6803 contains two psaK genes, psaK1 and psaK2. The psaK2 mRNA is the only transcript of a PSI gene that accumulates under high-light conditions (37) suggesting that it is involved in responses to high light. PsaK has two transmembrane helices and is located peripherally, close to the interface between the monomers of a PSI trimer (1) . It shares around 30% amino-acid identity with PsaG, a plant PSI subunit that is lacking in cyanobacteria. Studies of PsaG and PsaK Arabidopsis mutants (14) (15) (16) 38) have suggested a stabilizing role of these subunits for the PSI core and the peripheral antenna. In plants PsaG and PsaK are incorporated only under low-light conditions, suggesting a particular role of peripheral subunits in light acclimation (39) . In cyanobacteria PsaK2 was shown to be involved in excitation energy transfer from phycobilisomes to PSI under high-light conditions (17) . In addition, Fujimori et al. (2005) observed that the amount of the PsaK2 subunit increased in PSI complexes of high-light acclimated cells. PsaG as well as PsaK are located on the outer edge of the plant PSI complex. Since the space that is occupied by PsaG in plant PSI is empty in cyanobacterial PSI as judged from the crystal structure, Fujimori et al. (2005) suggested that PsaK2 could occupy this site under high-light conditions. However, in thylakoids of high-light acclimated cells we could not detect a stable third monomeric PSI complex (besides the regular PSI monomer and PSI*) that would contain both PsaK subunits (data not shown).
To support our idea that PSI* is involved in the PsaK exchange process we analyzed PSI* accumulation in a psaK2 mutant. As expected Fig. 4 shows accumulation of the PsaK-less monomer in psaK2 mutants under high-light conditions whereas under low-light conditions no differences to the wild type were detected.
Thus, in our model PsaK2 is assembled into PSI* under high-light conditions at the expense of PsaK1, which is present under normal growth light (Fig. 6) . In psaK2 mutants this PSI intermediate accumulates because of the inability of the cells to integrate PsaK2 during the acclimation process. We therefore suggest that PSI* has a dual role as a stable assembly product as well as an intermediate for exchange of the different PsaK subunits. A similar mechanism is known for the PSII subunit D1: high light induces the exchange of two different D1 proteins in cyanobacteria (40) . However, the existence of multiple D1 copies is not typical for all cyanobacteria (e.g. several Prochlorococcus strains). The same holds true for the PsaK subunit. Fujimori et al. (2005) searched for the two types of PsaK proteins in other cyanobacteria. They found that cyanobacteria such as Synechococcus elongatus PCC7942 and Trichodesmium erythraeum IMS 101 contain two types of the psaK gene whereas the marine cyanobacterial strains Prochlorococcus and Synechococcus have only one psaK gene that forms a distinct clade in a phylogenetic tree. The Anabaena sp. PCC7120 genome encodes even three psaK genes, one of the psaK1 type whereas the other two are quite divergent from psaK2 by guest on July 15, 2017 http://www.jbc.org/ Downloaded from and the marine type genes. These data imply that the assembly mechanism of different PsaK subunits into the PSI monomer is not specific to Synechocystis 6803 but is rather common in cyanobacterial strains that have to adapt to changing light conditions and that perform state transitions.
However, the role of Ycf37 in the biogenesis of PSI is not specific to PsaK1/PsaK2 incorporation but has to be more vital, as this protein is found in all oxygenic photosynthetic organisms. Proteomic analysis of high-light acclimation responses in Arabidopsis indicated a pronounced up-regulation of the Ycf37 homolog Pyg7 (41) . This data supports our conclusion that this protein has a specific role in cyanobacterial high-light acclimation (23) . The inactivation of Pyg7 leads to a complete loss of all PSI complexes in Arabidopsis (24) . In contrast, cyanobacterial ycf37 mutants contained fully assembled monomeric as well as trimeric PSI complexes, although in lower amounts. These results suggest that cyanobacteria are able to compensate more effectively for the lack of assembly factors, as was shown also for ycf4 (21, 22) and for several small PSI subunits (42) (43) (44) . In addition, the Synechocystis Ycf37 protein as well as Pyg7 from Arabidopsis were found to bind to PSI complexes (23, 24) .
In cyanobacteria it is known that the early steps of photosystem assembly occur in the plasma membrane (25) . In contrast to other known PSI assembly factors like Ycf3 and Ycf4 that were found mainly in the plasma membrane, Ycf37 and also Pyg7 are located in the thylakoid membrane (24, 45) . Therefore Ycf37 should rather act on later steps of PSI assembly. Most probably Ycf37 stabilizes late PSI assembly intermediates in the thylakoid membrane and protects them from premature degradation through proteolysis. arrow indicates a yet undescribed PSI complex (PSI**; PSI monomer lacking PsaK and PsaL, for identification see Fig. 2 and 3) . Identification of the photosynthetic complexes is based on their size, immunoblotting and partially MS analysis as described in (23 35 S]Met followed by a chase at low light for 4 hours. 300 µg protein of labeled thylakoid membranes was separated in a 7% BN-polyacrylamide gel. Parts of the lanes of the BN-PAGE gel that contained photosynthetic complexes (shown on top) were subjected to Tricine-urea-SDS-PAGE (6 M urea, 16% acrylamide) in the second dimension. A, Silver staining. B, corresponding autoradiograms. Designations of protein complexes are as described in the legend to Fig. 1 . The assignment of the PSI subunits is based on their migration according to (46). The positions of PSI subunits that are not present in respective PSI complexes, are indicated by black arrowheads. Fig. 3 . Immunodetection of the PSI subunits PsaC, D, E, F and L in monomeric PSI complexes. Protein complexes of solubilized wild-type thylakoid membranes were separated by BN-PAGE. The bands containing monomeric photosystem complexes were excised from the gel, embedded in the stacking gel, subjected to Tricine-urea-SDS-PAGE and transferred to nitrocellulose membranes. Antibodies used for the immunoblots are indicated on the right. To achieve a fourfold enrichment of the short lived complex, the PSI** band was excised from a lane loaded with 600µg protein (150µg protein for the other PSI monomer bands). 
